Rationale: Indeterminate pulmonary nodules are a common radiographic finding and require further evaluation because of the concern for lung cancer. Objectives: We developed an algorithm to assign patients to a low-or high-risk category for lung cancer, based on a combination of serum biomarker levels and nodule size. Methods: For the serum biomarker assay, we determined levels of carcinoembryonic antigen, a 1 -antitrypsin, and squamous cell carcinoma antigen. Serum data and nodule size from a training set of 509 patients with (n ¼ 298) and without (n ¼ 211) lung cancer were subjected to classification and regression tree and logistic regression analyses. Multiple models were developed and tested in an independent, masked validation set for their ability to categorize patients with (n ¼ 203) or without (n ¼ 196) lung cancer as being low-or highrisk for lung cancer. Measurements and Main Results: In all models, a large percentage of individuals in the validation study with small nodules (,1 cm) were assigned to the low-risk group, and a large percentage of individuals with large nodules (>3 cm) were assigned to the high-risk group. In the validation study, the classification and regression tree algorithm had overall sensitivity, specificity, and positive and negative predictive values for determining lung cancer of 88%, 82%, 84%, and 87%, respectively. The logistic regression model had overall sensitivity, specificity, and positive and negative predictive values of 80%, 89%, 89%, and 81%, respectively. Conclusion: Integration of biomarkers with lung nodule size has the potential to help guide the management of patients with indeterminate pulmonary nodules.
Indeterminate pulmonary nodules are a common radiographic finding, and require further evaluation because of the concern for lung cancer. Patient work-up depends on the clinical scenario and the size and morphology of the abnormality. Most lesions are small (,1 cm) and most patients are followed with sequential computed tomography (CT) studies (1) . Other individuals are subjected to additional imaging with positron emission tomography (PET) or undergo a biopsy to establish a diagnosis. A more efficient and cost-effective strategy that would avoid delays in diagnosis, decrease radiation, and reduce the need for invasive procedures would have a significant impact on patient management.
Biomarker analysis is potentially one element of such a diagnostic strategy, but the discovery and validation of tumor-specific markers has been difficult. We previously reported on a panel of serum markers to be used for the diagnosis of lung cancer (2) . We now focus on using a combination of these markers plus nodule size (1, 3, 4) to stratify patients as to the risk of lung cancer (i.e., low or high risk). This approach seems to provide information about the risk of lung cancer in patients with indeterminate pulmonary lesions, and may be used in conjunction with clinical presentation to develop a more effective management strategy.
METHODS Overall Study Design
This study was designed to evaluate a combination of three serum proteins and nodule size to differentiate benign from malignant pulmonary nodules in patients at risk of having lung cancer. We first analyzed a training set of 509 patients with indeterminate nodules using classification and regression tree (CART) and logistic regression analyses that assigned patients to a low-or high-risk category. These models were then tested in an independent, masked validation set of 399 patients.
Serum Marker Assays
We established a lung cancer biomarker assay (LCBA) that measures the serum levels of carcinoembryonic antigen (CEA), a 1 -antitrypsin (AAT), and squamous cell carcinoma antigen (SCC). The make-up of the LCBA is as follows: CEA (Roche Cobas Modular Analytics E170 Assay; Roche, Indianapolis, IN); AAT (Roche COBAS Integra Tina Quant Assay); and SCC (CanAg SCC EIA; Fujirebio, Göteborg, Sweden). All samples in the training set were run in duplicate. For the validation study, the SCC assay was run in duplicate, and CEA and AAT assays were run on automated analyzers in singlicate per the manufacturer's instructions. Author Contributions: E.F.P., concept, design, data analysis, literature search, data interpretation, and writing. M.J.C., concept, design, data analysis, literature search, data interpretation, and writing. E.B.G., design, data analysis, literature search, data interpretation, and writing. P.R.T., data collection. J.E.H., design, data analysis, data interpretation, and writing. D.K., design, data analysis, data interpretation, and writing. R.P.G., design, data analysis, data interpretation, and writing. M.E., design, data analysis, data interpretation, and writing Imaging Studies, Nodule Size, and Pathologic Classification All patients enrolled in either the training or validation study had a CT study of the thorax, performed for a variety of indications including the following: possible respiratory neoplasm, pulmonary nodule, interstitial lung disease, pulmonary embolism, pneumonia, or chest pain. CT studies at our institution were performed using multiple contiguous 5-mm sequential axial images through the thorax.
The size of the nodule or focal abnormality was extracted by the study coordinator (P.R.T.) from the official clinical CT report. In the validation study, 18 patients (4%) had their CT study performed at another institution, and the tumor size was determined from the pathology report. The longest dimension on axial CT images or pathologic report was recorded.
All patients with lung cancer had histologic confirmation and pathologic staging. Patients without lung cancer had a histologic diagnosis, CT resolution or 2-year stability of the lesion, or clinical observation without evidence of lung cancer.
Patient Selection
All patients enrolled in this study signed an informed consent form approved by Duke University's Institutional Review Board in accordance with an assurance filed with and approved by the Department of Health and Human Services. We focused on patients who had lesions greater than 5 mm in whom there was a concern for lung cancer. The training set included a total of 509 archived serum samples, collected between January 2001 and June 2007. A total of 153 of these 509 training serum samples were provided by the Mayo Clinic. Included with the serum sample of each patient were the serum draw date, CT date, nodules size, and diagnosis including histology and stage (lung cancer ¼ 77; no cancer ¼ 76). There were 298 patients with a confirmed diagnosis of lung cancer and 211 individuals without cancer who met the following inclusion criteria: (1) no prior history of lung cancer, (2) no currently known extrathoracic malignancy, and (3) a CT of the thorax with an indeterminate pulmonary nodule. All patients had blood drawn and their serum was stored immediately at 280 8 C in the laboratory repository. Clinical data including age, sex, race, past medical history, pathologic diagnosis, and imaging findings were recorded in a confidential trial database.
The independent validation set included sequential patients between August 2007 and June 2011, with an indeterminate pulmonary nodule or focal opacity detected on thoracic CT. There were 203 patients with lung cancer and 196 patients without lung cancer. Serum was collected from each subject and stored at 280 8 C. After enrollment was complete, the samples were thawed for the first time, and 500-ml aliquots were placed in deidentified tubes with randomly assigned unique study identification numbers.
Statistical Methods
The association between various characteristics of a pulmonary nodule (serum levels of AAT, SCC, CEA, and nodule size) and the presence of lung cancer was assessed within the training set data using CART methodology (5, 6) and logistic regression. The CART model was generated using the Gini index that favors even splits with a minimum size of 5 for terminal nodes and 10 for parent nodes. The probability of cancer was assumed to be 50% and the optimal tree was the tree with minimum cost regardless of size. Ten-fold cross-validation was used in generating this model.
The logistic model provided an estimate of the probability that cancer was present as a function of nodule diameter, CEA, SCC, and AAT. Two threshold probabilities were considered for predicting a cancer diagnosis: a calculated probability of 0.5 and higher, and a threshold probability of 0.3. The 0.5 threshold is a standard probability and the 0.3 threshold is intended to reduce the number of false-negative diagnoses.
An independent validation study was designed to test the accuracy of the CART and logistic regression models developed from the training set. Each model was used to assign each subject within the validation dataset a "lung cancer" (high-risk group) or "no lung cancer" (lowrisk group) designation. After classification of all patients, the diagnosis was revealed and the sensitivity, specificity, and positive and negative predictive values for each model were determined. This validation study was designed to specifically assess the sensitivity and specificity of the derived classification algorithm for the presence or absence of cancer within a patient group representative of all patients with a pulmonary nodule or focal pulmonary abnormality.
The study was designed to include at least 384 patients with an indeterminate pulmonary nodule (192 patients with cancer and 192 patients without cancer). In this study the probability that a cancerous nodule is diagnosed as cancerous without the benefit of a pathology assessment is 50%. If the classification algorithm increased that probability to 75%, then it would be considered potentially clinically useful in the diagnosis of cancer in patients with a pulmonary nodule. If the classification algorithm increased the probability of detecting a cancerous tumor to 65%, it would not be worthy of clinical use. With 192 patients with cancer, there was 90% power to differentiate between a sensitivity rate of 65% (null hypothesis) and 75% (alternative hypothesis) assuming a ¼ 0.05. A similar argument can be made for the determination of benign lesions when a nodule is truly benign. With 192 patients without cancer, there was 90% power to differentiate between a specificity rate of 65% and 75% assuming a ¼ 0.05.
RESULTS

Training Set Results
A total of 509 archived serum samples were included in the training dataset. Patient characteristics including age and sex are summarized for the 298 patients with a confirmed diagnosis of lung cancer and the 211 individuals without cancer in Table 1 . The distribution of benign and malignant nodules according to lesion size (small, ,1 cm; intermediate, 1 to ,3 cm; and large, >3 cm) approximately reflected the expected proportion of cases as reported in the literature ( Figure 1A ). The training dataset is provided in Table E1 in the online supplement.
The CART using nodule size, AAT, CEA, and SCC developed to predict diagnosis is provided in Figure E1 . With 17 nodes, nine of which are terminal, this model is rather complex. The sensitivity, specificity, and positive and negative predictive values associated with this model within the training set are 90%, 82%, 88%, and 86%, respectively. The logistic regression model used the same four features (nodule size, AAT, CEA, and SCC) to predict the diagnosis. The model, along with odds ratio estimates for 1 unit change in a predictor, is shown in Table E2 . If a patient with a calculated cancer probability of 0.5 or higher is considered to have cancer and one with a probability less than 0.5 is considered not to have cancer, the overall sensitivity, specificity, and positive and negative predictive values of the model are 82%, 84%, 88%, and 76%, respectively. If the calculated cancer probability threshold is changed to 0.3 or higher, the overall sensitivity, specificity, and positive and negative predictive values are 94%, 63%, 78%, and 89%, respectively.
The overall logistic regression model was applied to samples within the three nodule size categories (small, ,1 cm; intermediate, 1 to ,3 cm; and large, >3 cm). The sensitivity, specificity, and positive and negative predictive values within each of these size categories in the training set are shown in Table 2 .
Validation Study Results
A total of 399 patients fulfilled the eligibility criteria and were included in the independent validation study. The diagnosis of primary lung cancer was established in 203 patients (50.8%) and a benign abnormality in 196 (49.2%). One patient with a slow-growing lesion designated as without lung cancer was later diagnosed with a mucosa-associated lymphoid tissue lymphoma. She has been followed for more than 2 years without additional therapy or evidence of disease. Patient demographics for the validation study are shown in Table 3 .
The distribution of benign and malignant nodules according to lesion size is shown in Figure 1B . The validation study dataset is provided in Table E3 .
LCBA data and nodule size were entered into the CART algorithm derived from the training set, and a "lung cancer" (highrisk) or "no lung cancer" (low-risk) diagnosis was assigned for each patient. The sensitivity, specificity, and positive and negative predictive values for determining which patient had lung cancer in the validation study were 88%, 82%, 84%, and 87%, respectively.
LCBA data and nodule size were entered into the logistic regression model derived from the training set, and a "lung cancer" (high-risk) or "no lung cancer" (low-risk) diagnosis was assigned for each patient. Assuming a probability threshold of 0.5 for assigning a patient to the high-risk group, the sensitivity, specificity, and positive and negative predictive values for all patients in the validation study were 80%, 89%, 89%, and 81%, respectively. Assuming a threshold of 0.3, these estimates are 92%, 74%, 79%, and 90%, respectively. The sensitivity, specificity, and positive and negative predictive values according to nodule size category in the validation study are shown in Table 4 .
To investigate the added value of the serum markers as compared with nodule size alone, the sensitivity, specificity, and positive and negative predictive values according to nodule size category in the validation study with sequential addition of the serum markers is shown in Table E4 . The likelihood ratio test comparing nested models is shown in Table E5 ; this analysis found that CEA added significant value to nodule size alone (P , 0.001). The addition of AAT and SCC to the model with nodule size and CEA was also statistically significant (P ¼ 0.04).
DISCUSSION
A pulmonary nodule or focal pulmonary abnormality on imaging studies is a common radiographic finding (7, 8) . With improvements in spatial resolution on CT, the number of patients with pulmonary nodules continues to rise. In the recent National Lung Screening Trial report, more than 24% of CT-screened participants had a pulmonary abnormality necessitating further evaluation because of concern for lung cancer (4) . All of these indeterminate abnormalities create an undesirable burden on the healthcare system, because each lesion must be evaluated, with the understanding that most are benign and the prevalence of lung cancer is low. Current guidelines focus on small pulmonary nodules and recommend multiple sequential imaging studies to assess for growth, additional imaging with fluorodeoxyglucose (FDG) PET, or an invasive procedure, depending on risk for disease, clinical presentation, and size of the lesion. More recent data examining ground glass nodules suggest that these lesions typically have a more indolent behavior, and additional guidelines for these abnormalities are being developed by the Fleischner Society (9-12) .
The use of tumor-specific, noninvasive biomarkers could modify this paradigm. From an imaging perspective, FDG-PET was introduced for the purpose of distinguishing a benign from malignant focal pulmonary abnormality (13, 14) . However, because of the predominately small size of nodules, PET remains cost prohibitive and impractical. More recent advances in technology have prompted an interest in the discovery of biomarkers to complement anatomic imaging. However, translating technology into clinical practice is not an easy proposition, particularly given the heterogeneity of tumors.
We previously reported on a panel of serum markers discovered by a proteomic expression platform to be used for the diagnosis of lung cancer (2) . The current study is an extension of that work, and focuses on using a combination of these markers with the most predictive imaging feature of lung cancer, nodule size, to stratify patients with indeterminate nodules into lowand high-risk groups. This risk designation is then intended to provide additional information about the likelihood of lung cancer and help clinicians as part of their decision process in guiding patient management.
This study developed several models using CART and logistic regression analysis. With the CART model we were able to assign 85% of all patients with lung cancer to the high-risk group, and 83% of all patients with benign nodules to the low-risk group. Those individuals assigned to a high-risk category could have more immediate workup with a biopsy, PET, or close surveillance. Patients in the low-risk group could be followed with less frequent sequential imaging to assess growth. It is interesting to note that in this algorithm three features (nodule size, CEA, and AAT) were needed to achieve a reasonable accuracy. This is consistent with studies that suggest only a few classifiers may be needed, and that additional features may not provide significant benefit (15, 16) . The serum biomarker data need to be evaluated in the context of the clinical presentation.
Similarly, the logistic regression model assuming a threshold of 0.5 for risk assignment placed 80% of all patients with lung cancer in the high-risk category, and almost 90% of the patients with benign nodules in the low-risk category.
Ultimately these results need to be distilled and translated into clinical practice. We envision that for patients with a pulmonary nodule and a concern for lung cancer, the LCBA could be ordered and the results of this test, in conjunction with nodule size and clinical presentation, could lead to an efficient evaluation strategy. The laboratory will combine serum assay results with nodule size, and return to the clinician a high-or low-risk result. With a clear understanding of risk of lung cancer, general guidelines for further management could be constructed. Given the current data one could envision integrating the biomarkers with nodule size to guide management strategy, realizing that additional studies are needed to validate this type of approach. In the small nodule category, there were very few lung cancers diagnosed, and as expected by the low prevalence of malignancy in this size category, the standard logistic regression model threshold assigned most patients to the low-risk group. Only 2% of individuals in the low-risk group are expected to be diagnosed with lung cancer; these patients may not need as close surveillance. In those few individuals who eventually demonstrate nodule growth and are diagnosed with lung cancer, the risk of cancer progression to more advanced stage disease during the observation period seems low. Although there were only four small (,1 cm) lung cancers in the validation dataset, the three that were assigned to the low-risk group had their lesions followed before surgical resection (4 mo to 4 yr); all had early stage disease; none were treated with adjuvant therapy; and none have developed recurrence at least 2 years after the diagnosis. Approximately 3% (4 of 136) of individuals in the small-size category were assigned to the high-risk group, and approximately 25% of these patients will eventually be diagnosed with lung cancer; in these individuals a closer follow-up CT could be performed.
In the intermediate category, by using the logistic regression model with the 0.3 threshold, the numbers of patients with lung cancer assigned to the low-risk category are minimized. Eightysix percent (86%) of all lung cancers in this size category were placed in the high-risk group, and 71% of patients in the high-risk category were diagnosed with lung cancer. Individuals assigned to this category could have an immediate FDG-PET or biopsy.
Individuals with lesions in the intermediate-size category assigned to the low-risk group could have an initial short-term follow-up CT to assess for growth, with the understanding that approximately one-third of individuals in this group will eventually be diagnosed with lung cancer. Alternatively, an immediate FDG-PET study could be performed.
In the large nodule size category, the prevalence of lung cancer is high. Some studies estimate that more than 90% of patients with larger than 3 cm lesions will have lung cancer (17) . None of the algorithms were sufficient to exclude lung cancer in this group, and it does not seem that the biomarkers assayed in this study will add significantly to the decision process, although all patients in the validation study with a lesion greater than or equal to 3 cm and an elevated CEA (.3.22 ng/ml) had lung cancer (100% specificity, 68% sensitivity). Patients in the largesize category could have an FDG-PET scan, or an immediate biopsy (or resection), particularly if CEA is elevated. Alternatively, if there is an atypical clinical presentation and a biopsy does not show cancer, a low CEA may give more weight to a more conservative short-term follow-up approach, rather than taking the patient directly to surgery.
The current study suggests that integration of serum biomarker data with nodule size may complement current diagnostic strategies in the appropriate clinical context as long as the risks and benefits are understood. Because this study was conducted in the context of a tertiary care setting, additional studies are needed to determine the impact of integrating serum biomarker data with nodule size on a screening program. We believe a diagnostic strategy should minimize the number of patients with lung cancer placed in a low-risk group, but it does not seem that these patients, as categorized using our approach, will see a rapid progression of disease and no significant impact on long-term survival is expected. The proposed conservative strategy places some individuals without cancer in the high-risk category, but the number of additional diagnostic studies as compared with current standard of care will not change.
The concept of integrating serum biomarkers with imaging findings has enormous potential (18) (19) (20) . With the addition of biomarkers, a more efficient approach may be possible, although future studies need to address the frequency and use of sequential follow-up imaging or repeat serum marker evaluation. As we move forward with this type of combined diagnostic approach, additional markers will emerge and more efficient strategies can be developed to improve clinical management of these patients.
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